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Abstract 

Crystalline zinc tin oxide (ZTO; zinc oxide with heavy tin doping of 33 at.%) nanowires were first synthesized using 
the electrodeposition and heat treatment method based on an anodic aluminum oxide (AAO) membrane, which 
has an average diameter of about 60 nm. According to the field emission scanning electron microscopy (FE-SEM) 
results, the synthesized ZTO nanowires are highly ordered and have high wire packing densities. The length of ZTO 
nanowires is about 4 pm, and the aspect ratio is around 67. ZTO nanowires with a Zn/(Zn + Sn) atomic ratio of 0.67 
(approximately 2/3) were observed from an energy dispersive spectrometer (EDS). X-ray diffraction (XRD) and 
corresponding selected area electron diffraction (SAED) patterns demonstrated that the ZTO nanowire is hexagonal 
single-crystalline. The study of ultraviolet/visible/near-infrared (UV/Vis/NIR) absorption showed that the ZTO 
nanowire is a wide-band semiconductor with a band gap energy of 3.7 eV. 

Keywords: Zinc tin oxide; Nanowires; AAO membrane 



Background 

In recent years, one-dimensional (ID) nanostructures, such 
as nanotubes, nanowires, nanorods, nanobelts, nanocables, 
and nanoribbons, have stimulated considerable interest for 
scientific research due to their physical and chemical prop- 
erties. The zinc tin oxide (ZTO) nanostructures in particu- 
lar show promising results in electronics, magnetics, optics, 
etc., and may have great potential for application in the 
next generation of nanodevices. Anodic aluminum oxide 
(AAO) membrane-based assembling has been widely ap- 
plied in recent years to produce nanowires with extremely 
long length and a high aspect ratio and to provide a simple, 
rapid, and inexpensive way for fabricating nanowires as 
aligned arrays [1-3]. 

Zn-Sn-O (ZTO) is an interesting semiconducting ma- 
terial with a band gap energy (E g ) of 3.6 eV [4,5]. It has 
demonstrated great potential for application in various 
areas, such as transparent conducting oxides used as 
photovoltaic devices, flat panel displays, solar cells, and 
gas sensors, due to its high electron mobility, high elec- 
trical conductivity, and low visible absorption [4-7]. 
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Over the past decades, many research efforts have 
been made on the preparation of ZTO films. Recently, 
there have been very few references for our knowledge 
about ZTO. For ZTO nanowires, in a previous research, 
transparent semiconducting ternary oxide Zn 2 Sn0 4 
nanowires were synthesized by the thermal evaporation 
method without any catalyst [8]. A mixture of SnO and 
ZnO powder was placed into a small ceramic boat, 
which was positioned at the center of a quartz tube. The 
temperature of the system was increased to 875°C and 
kept at this temperature for 30 min. Additionally, single- 
crystalline ZTO nanowires were prepared using a simple 
thermal evaporation method [9]. A mixture of Zn and 
Sn powders (10:3 weight ratio) was used as the source 
material, and the whole experiment was performed in a 
horizontal tube furnace. The temperature at the tube 
center increased at a constant rate of 25°C/min from 
room temperature to reaction temperature (approxi- 
mately 800°C), where it was then maintained for 90 min. 
During that period, metal powders were heated, vapor- 
ized, transported along the Ar flow, and finally deposited 
on the substrates to form the ZTO nanowires through 
reaction. Moreover, mixed oxide ZnO-Zn 2 Sn0 4 (ZnO- 
ZTO) nanowires with different sizes were prepared in a 
horizontal tube furnace by a simple thermal evaporation 
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method [10]. Zn and SnO mixed powders (2:1 in molar 
ratio) were positioned in a ceramic boat, which was 
loaded into the center of the tube. The furnace was 
heated at a rate of 80°C/min up to and maintained at 
800°C, 900°C, and 1,150°C for 30 min each, respectively. 
However, there have been a few reports on ZTO nano- 
wires that have been fabricated with AAO membrane- 
assisted synthesis using electrodeposition and heat treat- 
ment methods. 

In this study, we report the synthesis and characterization 
of ZTO (ZnO with heavy Sn doping of 33 at.%) nanowires 
based on highly ordered AAO membrane by an electrode- 
position method. The microstructure and optical properties 
of ZTO nanowires are then discussed. 

Methods 

The fabrication process contains three steps: (1) electro- 
chemical formation of an AAO membrane with highly 
ordered hexagonal arrays of nanochannels, (2) electro- 
chemical deposition of Zn-Sn alloy into the AAO mem- 
brane, and (3) oxidation of the Zn-Sn alloy nanowires 
with the AAO membrane in the furnace. 

Preparation of AAO template 

The AAO membrane used in our experiment was pre- 
pared by a two-step anodization process as described 
previously [1-3]. Finally, the diameter of each nanochan- 
nel was about 60 nm. 

Preparation of ZTO nanowires 

Before electrodeposition, a layer of Pt was sputtered on 
one side of the AAO membrane as a conductive layer. 
Zn-Sn alloy nanowires were electrodeposited in the 
AAO membrane under alternating current (AC; 10 V) 
and direct current (DC; 4 V) voltages within the solution 
containing ZnS0 4 -7H 2 0, SnS0 4 , and distilled water. 
The starting solution of synthesis of Zn-Sn alloy nano- 
wires was a mixture solution of ZnS0 4 -7H 2 0 and 
SnS0 4 with a 2:1 molar ratio. The samples of Zn-Sn 
alloy nanowires in an AAO membrane were subse- 
quently placed in a furnace that was heated from room 
temperature (heating rate 5°C/min) to 700°C and main- 
tained for 10 h. After the reaction was terminated, the 
furnace was naturally cooled down to room temperature, 
and ZTO nanowires were completely form- ordered after 
oxidation. 

Characterization of ZTO nanowire 

The morphologies of the as-prepared AAO membrane and 
the ZTO nanowires were analyzed by field emission scan- 
ning electron microscopy/energy dispersive spectrometery 
(FE-SEM/EDS; Hitachi S-4800, Hitachi, Ltd, Tokyo, Japan). 
The crystal structure of the nanowires was examined by X- 
ray diffraction (XRD; Shimadzu XRD-6000, Shimadzu 



Corporation, Kyoto, Japan) utilizing Cu Ka radiation. More 
details about the microstructure of the ZTO nanowires 
were investigated by the high-resolution transmission elec- 
tron microscopy/corresponding selected area electron dif- 
fraction (HR-TEM/SAED; JEOL JEM-2010, JEOL Ltd, 
Tokyo, Japan). After the ZTO nanowires were absolutely 
dispersed in distilled water using a supersonic disperser, the 
absorption spectra of the ZTO nanowires were measured 
on an ultraviolet/visible/near-infrared (UV/Vis/NIR) spec- 
trophotometer (Hitachi U-3501). 

Results and discussion 

For the AC process, the alternation of the electric field 
will remove the undesired deposition that is deposited 
on the surface of the AAO membrane. For the DC 
process, the direction of the electric field will result in a 
high density and high-quality deposition to form highly 
ordered Zn-Sn alloy nanowires (not shown). Therefore, 
we have selected appropriate AC (10 V) and DC (4 V) 
voltages to prepare high-quality nanowires. 

Morphology of AAO template and ZTO nanowires 

The morphology of the as-synthesized product was ex- 
amined by FE-SEM. Figure 1 shows a morphological 
image of the AAO template and ZTO nanowires. 

The typical FE-SEM image (Figure la) shows that the 
surface of the AAO membrane was still kept clean and had 
no deposition after the ZTO nanowires were oxidized at 
700 °C for 10 h The image also shows that the pores on the 
AAO membrane have a uniform size and are arranged in a 
hexagonal honeycomb structure. Figure lb shows a cross- 
sectional FE-SEM image of the ZTO nanowires embedded 
in the porous AAO membrane. It is obvious that the ZTO 
nanowires in the AAO membrane are well aligned, and the 
length is about 4 um. Figure lc reveals a cross-sectional 
FE-SEM image of the ZTO nanowires at high magnifica- 
tion. It is clear that these nanowires are parallel to each 
other, and they have a very high aspect ratio. After thor- 
oughly dissolving the AAO membrane by NaOH etching, 
followed by rinsing with distilled water, the ZTO nanowires 
are still on the substrate surface. Figure Id shows the FE- 
SEM image of the as-prepared ZTO nanowires with a 
diameter of about 60 nm without the AAO membrane. As 
observed from this figure, large-scale ZTO nanowires were 
obtained. 

However, the EDS spectrum of the ZTO nanowires is 
not shown. EDS quantitative analysis revealed that these 
nanowires are composed of zinc, tin, and oxygen, which 
is in effective conformity with the XRD results. In this 
study, the atomic ratio of the Zn/(Zn + Sn) composition 
is close to 0.67 of ZTO nanowires, indicating that the 
ZTO nanowires were well crystallized and in good con- 
formity with the Zn/(Zn + Sn) molar ratio of a starting 
solution of 2:3. The co-electrodeposition technique (Zn 
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Figure 1 FE-SEM images of the AAO template and ZTO nanowires. (a) Top view, (b) Cross-sectional view of ZTO nanowires with a pore 
diameter of about 60 nm oxidized at 700 °C for 10 h in the AAO membrane, (c) Cross-sectional view at high magnification, (d) The AAO 
membrane was absolutely dissolved by NaOH solution. 



and Sn) offers simple and flexible control of the ZTO 
nanowire composition. This method is excellent for 
good-quality ZTO nanowire synthesis. Most importantly, 
co-depositing the Zn and Sn alloy nanowires to create 
the ZTO nanowires on the AAO template has the ad- 
vantage that the content of Zn/Sn is comparatively easy 
to control. 

Crystal structures of ZTO nanowires 

The structure analysis of the as-synthesized product was 
carried out by XRD. Figure 2 shows the XRD patterns of 
ZTO nanowires with 60-nm diameter without an AAO 
membrane. 

After heat treatment at 700°C for 10 h, all of the Zn 
and Sn peaks disappeared, indicating that the Zn and Sn 
deposited in the channels of AAO had been completely 
oxidized. In addition, the peak positions and their rela- 
tive intensities are consistent with the existing literature 
data for pure ZnO (JCPDS card file, no. 80-0075). In our 
experiment, the heat treatment method was used to pre- 
pare the ZTO nanowires. In the process of heat treat- 
ment, well-crystallized ZTO nanowires with good 
uniformity can be synthesized at 700°C for 10 h. Detailed 
information on the microstructure of as-prepared ZTO 
nanowires was obtained by HR-TEM. 

A low-magnification HR-TEM image (Figure 3a) illus- 
trates the numerous ZTO nanowires. Figure 3b reveals 



the HR-TEM image of an individual ZTO nanowire. The 
diameter of the nanowire is about 60 nm. The lattice 
spacing is approximately 0.2612 nm, corresponding to 
the (002) plane of ZTO (Figure 3c). Figure 3d is a typical 
SAED pattern taken from an individual nanowire. The 
SAED pattern reveals that the nanowire is a single- 
crystalline hexagonal structure growing along the oaxis, 
i.e., in the (002) direction. 
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Figure 2 X-ray diffraction patterns as-prepared of ZTO 
nanowires without an AAO membrane. 
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Figure 3 HR-TEM images and SAED pattern of ZTO nanowires. (a) The low-magnification HR-TEM image of ZTO nanowires. (b) The high- 
magnification HR-TEM image of an individual ZTO nanowire. (c) SAED pattern of an individual ZTO nanowire. (d) HR-TEM image of a single ZTO 
nanowire with lattice fringes. 



Optical properties of ZTO nanowires 

UV/Vis/NIR absorption spectra of samples were re- 
corded in an airtight environment at room temperature 
with a wavelength range of 200 to 700 nm. Figure 4 
shows the optical absorption spectra of the ZTO 
nanowires. 

It can be observed that these nanowires have an ab- 
sorption peak of around 250 nm. Young et al. showed 
that ZTO thin films were grown by RF magnetron sput- 
tering onto glass substrates [11]. They observed a strong 
absorption of the ZTO film at 350 nm with a grain 
diameter of about 100 nm. Other research works have 
shown that nanosized ZTO particles are synthesized by 
a simple hydrothermal process in a water/ethylene glycol 
mixed solution using amines (ethylamine, w-butylamine, 
w-hexylamine, and w-octylamine) as a mineralizer [12]. 
The grain size of ZTO hexagonal particles varied in that 
experiment in the range of 40 to 70 nm and had an ab- 
sorption peak of around 250 nm. However, our value of 
absorption peak is smaller than the value of films 
(350 nm) and is consistent with the value of 



nanoparticles (250 nm). Our value of absorption peak is 
reasonable and is consistent with the results found in 
other research works [11,12]. 

In order to determine the nature of the band gap of 
the nanostructured material, either indirect or direct, 
the spectral behavior near the fundamental absorption 
edge can be calculated by considering the following ex- 
pression of the absorption coefficient (a) versus photon 
energy (hv) [13]: 



ahv = A (hv-E g 



(i) 



where hv is the photon energy and E g is the optical band 
gap corresponding to transitions indicated by the value 
of n. In particular, n is 1/2, 3/2, 2, and 3 for direct 
allowed and forbidden transitions, and indirect allowed 
and forbidden transitions, respectively. Factor A is the 
constant having separate values for different transitions. 
When the linear portion of the graph is extrapolated to 
zero, the intercept of the hv axis gives the optical band 
gap (E g ), The (ahv) 2 versus hv plot is shown in the inset 
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Figure 4 UV/Vis/NIR absorption spectra with ZTO nanowires and {ahv) 2 versus hv plot (inset). 



700 



in Figure 4. This plot is known as a Tauc plot. The ana- 
lysis of the absorption spectrum obtained for our sam- 
ples shows that the spectral variation of the absorption 
coefficient that is within the fundamental absorption re- 
gion can be fitted by Equation 1. However, when n = 3/2, 
2, and 3, the band gap energies were found to be a nega- 
tive number, which is not physically reasonable. 

The inset in Figure 4 shows the (ahv) 2 against hv plot. 
The absorption spectra of ZTO nanowires as n = 1/2, 
which is the allowed direct transition for these nano- 
wires, fit the relationship of (ahv) 2 . In this inset figure, 
we observed that the curve has an obvious straight line 
fit from 4.0 to 4.5 eV. This result indicates that the op- 
tical energy gap is a direct transition. The band gap en- 
ergy (E g ) of ZTO nanowires with a diameter of about 
60 nm is estimated to be 3.7 eV as n = 1/2 for extrapola- 
tion. Nanocrystals of ZTO were synthesized by the 
hydrothermal method [14]. A mixture of ZnS0 4 -6H 2 0 
and SnCl 4 • 5H 2 0 was used as the starting material that 
was then dissolved into distilled water. The NaOH solu- 
tion was then dropped into the above solution under 
magnetic stirring for 15 min. The resulting precipitates 
were collected by centrifugation at 3,000 rpm, thor- 
oughly rinsed with distilled water and ethanol, and dried 
at 80°C in an oven for 5 h. The particle sizes of ZTO 
nanocrystals were calculated to be about 100 to 150 nm. 
The optical band gaps of various ZTO nanocrystals were 
between 3.69 and 3.73 eV. In addition, ZTO nanoparti- 
cles were synthesized by the hydrothermal process [12]. 

In a previous study, ZnCl 2 and SnCl 4 -5H 2 0 were 
added to a water/ ethylene glycol solvent under magnetic 
stirring. Then, an w-butylamine aqueous solution was 
then dropped into the solution and stirred for 0.5 h. 



Finally, the product was dried in air at 60°C for 10 h. 
The as-prepared ZTO nanoparticles had a band gap of 
3.7 eV. Moreover, single-crystalline ZTO nanorods were 
prepared by the hydrothermal process with the use of 
hydrazine hydrate as an alkaline mineralizer instead of 
NaOH or NH 3 -H 2 0 [15]. Previous studies created a 
product consisting of rod-like nanostructures of 2 to 
4 nm in diameter, called 5-nm ZTO nanorods. The op- 
tical band gap of the nanorods was found to be 3.87 eV. 
Consequently, the band gap energy of ZTO nanowires 
in this study is between the smallest band gap energy 
(3.69 eV) and the largest band gap energy (3.87 eV). This 
band gap energy of ZTO nanowires is reasonable with 
references [12-15]. ZTO thin films have been widely 
used in fabricating semiconductor gas sensors [16,17]. 
Yet, gas sensors prepared from ID nanostructure ZTO 
have rarely been reported. To our knowledge, because of 
its high surface-to- volume ratio, the ID nanostructure is 
more sensitive than the thin film material. Through elec- 
trochemical deposition and oxidation methods, we will 
develop ZTO nanowires that can be applied in a gas 
sensor. 

Conclusion 

Highly ordered ZTO nanowires with heavy tin doping 
(approximately 1/3) embedded in the AAO membrane 
have been successfully fabricated by an electrodeposition 
and heat treatment method. The pure metal Zn and Sn 
were electrodeposited into the AAO membrane, which 
is measured to be 60 nm. ZTO nanowires can be synthe- 
sized by oxidizing the Zn-Sn alloy nanowires in the fur- 
nace at 700°C for 10 h. FE-SEM micrographs show that 
ZTO nanowires are dense, have uniform diameter, and 
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are arranged parallel to each other. XRD analysis indi- 
cates that the ZTO nanowires have a hexagonal struc- 
ture. The obtained ZTO nanowires with a Zn/(Zn + Sn) 
atomic ratio of 0.67 (approximately 2/3) were nearly the 
same as the Zn/(Zn + Sn) molar ratio of the starting so- 
lution (2:3). It can be said that the composition of ZTO 
nanowires can be strongly controlled by adjusting the 
Zn/Sn molar ratio in the starting solution through co- 
electrodeposition. The analysis of the HR-TEM/SAED 
results reveals the that ZTO nanowire is single- 
crystalline. The band gap of ZTO nanowires (3.7 eV) 
shows a direct transition and exhibits a linear relation- 
ship at 4.0 to 4.5 eV. 
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